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CHAPTER I
INTRODUCTION
In recent years inorganic chemistry has undergone a
period of renewed interest and growth.

This has come about

because of the availability of new theoretical concepts
such as quantum mechanical interpretation of bonding and
because of the availability of greatly improved instrumentation at a reasonable cost.

One criterion of this growth

would be the growth of the new "Journal

2£

Inorganic

Chemistry" introduced in 1962 as a quarterly journal of
990 pages to its present size of monthly issues totaling
1830 pages, for the year 1964.

This new journal has had no

noticeable effect on the large number of papers on topics
that are of interest to inorganic nhemists appearing in the
many other fundamental journals around the world.
The increase in interest in solvents other than water
has paralleled the growth of the rest of the field of inorganic chemistry.

Of prime importance in the understanding

of the reactions taking place in solution is the understanding of the nature of the solvated ion or molecule.
One problem in the study of solvent effects is the great
difficulty of comparing results in one solvent with those
in another.

Spectrophotometric data appear to be the

easiest to correlate while the electrochemical data are

I

2

much less capable of direct comparison, largely because of
the presence of an unknown liquid junction potential.
evaluation of liquid

j~nction

The

potentials from a theoretical

standpoint has met with little success particularly when
the junction is between different solvents.

The feeling

has been that the liquid junction potentials might be quite
large where the s61vents are widely separated in physical
and chemical properties.

The suggestion by Pleskov (52)

in 1947 that the rubidium couple be used as a standard reference electrode in the comparison of the electromotive force
series led to a study by Koepp

~

al. (28) of not only the

rubidium couple but also several complex ions as well.
work of Koepp

~ ~·

The

led to the testing of additional prom-

ising complexes by Nelson and Iwamoto (47) and of the
selection of the polarographic oxidation of the tris(4,7dimethyl-1,10-phenanthroline) iron(II) as the most promising.
Coetzee and McGuire (10) have used the rubidium couple for
the comparison of polarographic half-wave potentials in
nitriles, acetone and water.

Nelson and Iwamoto (48) have

used the tris(4,7-dimethyl-1,10-phenanthroline) iron(II)
complex .oxidation half-wave potentials in acetone, ni tri),es,
alcohol9, and nitromethane.
The present work is a polarographic study of the alkali
metals and selected first row transition metals in DMSO
(dimethylsulfoxide) with tetraethylammonium perchlorate

3
as a supporting electrolyte,

DMSO was chosen as a solvent

because of its interesting solvent and complexing properties.

Tetraethylammonium perchlorate.was chosen as a

supporting electrolyte because of its lack of complex
forming tendencies and because of the wide range of voltages available for polarographic investigation before the
supporting electrolyte ions react

electroch~mically

(16),

One of the problems, particularly in nonaqueous
polarography, is the low conductivity of the solutions
leading to high ce 11 resistance.

As current flows through

the cell, additional vol,tage must be applied to overcome
the "I·· R" volt.age drop in the cell.

By measuring the cell

resistance whi.l--e- the polarogram is being run and knowing
the current flowing, one can correct the half-wave potentials, although this becomes rather tedious where large.
numbers of polarograms are to be taken.

A more elegant

approach to the problem is the use of the three-electrode.
polarographic cell and a controlled potential polarograph
similar to the one developed by Kelley, Fisher,. and Jones
(26).

A.de.s.cr.ip.tion of an instrument of this type that

was used in· all of the work reported in this paper is
given later in ·the work,
-In this work· the half-wave potentials are corrected

for liquid.junction potential and compared with the halfwave potentials in aqueous solutions.

By making use of the

I
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. relationships between half-wave potentials and the standard
half-cell potential the electromotive force series in water
and DMSO will be· compared.

The

s~andard

related to the free energy change,
+n +. ·ne
msol

aa.

potential is

of the reaction

+n is any metal ion of charge n that
mo where msol

-+

is solvated by the solvent under study, and ne is the number of electrons needed to
element, m0 •

conver~

the metal ion to the

The differenc·e ·in the standard potential for

a given metal in a solvent as compared to the standard
potential in water would be a measure of the difference in
the solvation energies in the two· solvents.

Since the

aqueous ion solvation energies for most ions are available
from the literature the solvation energies for ions in DMSO
can be calculated from the E112 values that are determined
by polarographic methods. In aqueous solutions .the free
energy of hydration is much larger than the entropy of
hydration, so the 6Ghyd

~

6Hhyd• An estimate of the entropy

of solvation for the ions in DMSO ·was obtained from
[aE 112 /aTp]•

As with water the entropy of solvation is

small compared with the free energy of solvation and as a
first approximation Gs 0 ·1 ~x Hsol' This approximation is
more favorable for water than \'las observed for DMSO since
I

the 6SDMSO

~

26SH 20 •

Since the ..uncertaint·y of the E112 values .as measured
with a polarograph in non-aqueous solvents can be as much

I
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· as 0. 02 v at any one temperature • the temperat'ure dependence of E112 determined over a 40 c0 temperature range
would be uncertain to 1 mv/C 0 , This, translated into
entropy, would represent an uncertainty of as much as
23 cal/C 0 •

At normal room temperature the uncertainty

in the heat of solvation could be 7 Kcal/mole,
The absolute value of the entropy of solvation is
also larger in solvents that are only slightly associated
in the liquid form as compared'to water that is associated
to a large degree due to hydrogen bonding,

The presence of

a charged particle in the solution would have a greater
organizing effect on the unassociated liquid than on water.

I

CHAPTER II
REVIEW OF THE LITERATURE
I.

STUDIES IN DIMETHYLSULFOXIDE

In the few years since DMSO has become readily available a great deal of experimental work has been carried out.
For our consideration here we will di vio:e-the work wn;nD.i\'iSO·----into three divisions:

physical properties, electrochemical

studies, and spectrochemical studies.
Physical Properties of DMSO and Water.

A study of the

physical properties (see Table I) of DMSO shows that the
solvent properties should be in many ways similar to those
of water.

Spectrochemical evidence indicates a greater

availability of electrons for covalent bonding for DMSO than
for water (45).

The liquid range of 18°c to over 100°c is

convenient for study without special equipment.
TABLE I
PHYSICAL PROPERTIES OF DMSO AND WATER
Melting Point
Boiling Point

-DMSO

18.4-18.9°C
189.0°C(53)(34)dec.
@l00°c,b.p.69-70°C
@10 mm Hg
Specific Gravity
1.096 (53)(34)
Viscosity ·
0.0196 poise &62)(53)(34)
Dielectric Constant
20~c 48.9 6o 0 c 41.5} ( 58 )
40 c 45.5 80 c 37.8
25°C 46.7 (53)(34)
Dipole moment
3.9 (10)
Auto Protolysis Canst. ·5 x lo-18 (53)(34)
e-s-c angle
100° (58)

0

100
1.00
.009 poise
25°C- 78.54
o0 c - 88.0
1.84
14
1 X 10-

I
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TABLE I (continued)
DMSO
C-S-0- angle
C-H distance
C-S distance
s-o distance
6Hvao (25°C)
Trou'ton Const.

107° (58)
1.08 A (58)
1.82 A (58)
1.47 A (58)
12.64 Kcal/mole
29~5 .(53) (34)

14.54 Kcal/mole
26.04

studies of interest is the conductance study of Sears
et .§1... (62).

The limiting conductances of a large number

of univalent electrolytes were determined.

The repo.rts of

values are 1/3 to 1/5 those of aqueous solutions.

Ionic

limiting conductance values are also listed.
The first polarographic work seems to be the study of
capri blue, pheosafarin and maleic acid in alcohol, dimethylsulfoxide, and dioxane reported iri 1947 by Schwabe (61).
The pH of the solutions were varied and the half-wave
potentials and wave heights were compared.
In 1959 the first of a series of papers on polaro. graphy in DMSO w,as published by Gutmann and Schoeber.

The

first in the series ( 19) begins with a survey of many different elements with 0.1 N tetraethylammonium perchlorate
+
as supporting electrolyte. 'Those ions studied were Li ,
NH +4 , K+ , Na+, Rb+, cs+, Si 2+, Ba2+, Mg2+, ca 2+ zr 2+ • Ti 4+ »
•
4
4
and Nbs+ that gave single waves and Si +, Hf + that yielded
two waves while Sb3+ gave three waves.

I

-

A polarographic

~

8

range of +.2 to -2.74 volts was reported with the supporting electrolyte used.

The second paper of the serie,s (20)

was a study of the polarography of silicon compounds in
DMSO.

The third (21) was

q.

study of th~ cr3+ ion in the

presence of phosphate, nitrate, perchlorate, and chloride
ions.

Nitrate and chloride complexes were noted, and their

dissociation constants were determined.

The fourth paper (60)

was a study of the reversibility of the oxidation-reduction
of the Cr. 2+ ~ cr3+ solvates and of the reduction of the
(CrC14)- complex ion at the dropping mercury electrode
by means of a modified commutator method.
wa~

The next paper ( 60)

the beginning of a detailed study of the aluminum(tii) ·

ion.

A1Cl

in concentrationa of one millimolar in non3
aqueous DMSO with 0.1 N tetraethylammonium perchlorate
as supporting electrolyte gave a single wave at -l•5V
(vs mercury pool electrode).

Aluminum acetonate, in

the absence of chloride ion gave two waves at -2 •. 2 and
-2.4 volts.

The addition of chloride ion caused a shift of

the more positive wave to -1. OV.

The sixth paper ( 13) con-

tinued the study of aluminum in 90% DMSO 10% acetyl acetone..

The addition of chloride ion causes a shift in the

reduction potential probably through the formation of
[AlC1 4 J- ion.

The diffusion current is proportional to

the aluminum concentration from 0,2 to 2.5 millimolar.
Be 2+ can .. be determined by polarography after extraction

9
with acetylacetone.

(l~)

Best results were obtained in a

solution of 90% DMS0-10% acetylacetone with 0.1 N tetraethylammonium perchlorate as supporting electrolyte and
0.03% gelatin as a maximum suppressor.

The addition of

chloride ion produced a nonsuppressable maximum.

The addi-

tion of water up to 3% caused no change in the polarographic waves which were diffusion controlled.
Although not included in the numbered series an additional study

is reported by the same group (15) on the

polarography of gases dissolved in DMSO.

Sulfur dioxide,

carbon dioxide, hydrogen sulfide, phosphoryl chloride,
phenylphosphoryl chloride, acetyl chloride and benzoyl
ch,loride in DMSO with tetraethylammonium perchlorate gave
polarographic reduction waves which were controlled by diffusion and whose wave heights were proportional to the concentration of the respective gases.

Again the addition of

small amounts of water did not interfere

with the polaro-

graphic waves.
In the United States there have been only two studies
of DMSO as a polarographic solvent.
Kolthoff and Reddy

(3~)

(53) in 1961.

The first was that of
Voltammetric studies

were made of several acids, some representative metal ions,
HCl0 4, H so and HCl were shown
2 4
to be monoprotic strong acids in DMSO. The Co 2+ and Ni 2+
a few quinones and oxygen.

were reduced irreversibly at the D.M.E. with large over-

E
I
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potentials ·indicating strong solvation.

Quinones gave 2

cathodic waves of unequal height·in the absence of proton
donors.

The effect of proton donors on· the polarograms was

studied, and the mechanism of the reduction of quinones in
DMSO was discussed.

Rotated platinum and mercury drop

electrodes were said to be used to

advantag~e~·------------~----------~

'Burrus (8) also made a preliminary polarographic study
ea2+ ~ zn2+ t Pb2+ t Cd2+, Co2+, N.i2+, Mn2+, Fe2+,

in DMSO.

and o2 were studied at the D.M.E. Both the mercury
pool and an aqueous saturated.calomel electrode were used
cr3+

'

K+

'

as a reference.

Tetra-n-butylammonium perchlorate and

potassium perchlorate were used as supporting electrolytes.
K+, Pb2+, Cd?+ • Fe3+ and cr3+ were found to give polarographic waves that we.r.e. close. to reversible.

Many of the

speci.es .. gave maxima that could not be suppressed by Triton
X-100 .•

*

A. low ion· concentrat.ion was found to. be the most

effective maximum suppressor..
potentials were:

The order of half-wave

Mn2+ > co2+ · > Ni2+ > zn2+ > Cd2+ > Pb2+

cu 2 + in 1 M KCl04 and cr3+ ·> Fe3+ > co 2 + > cr 2 +· > Cd 2+ >
· Fe 2 +>

Pb 2 + > Cu 2 + in. 0.1 M KCl04·•· The half-wave potentials

of Cd2+, Pb2+ and co2+ were found to be dependent on concentration of KCl04.

It was shown that these shifts were

*A nonionic detergent manufactured by the Rohm and
Haas Company, Philadelphia, Pennsylvania.

;
I
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not due to ion-pair formation, and perchlorate complex
formation was suggested as a possible explanation.

The sta-

bility constants of Cd(H 2 o)~+, Cd(Cl)x(2-x) • and Pb(Cl)x(2-x)
were calculated and reported.
Spectrochemical Studies of DMSO Complexes.
Francis
DMSO.

Cotton &

have a series of papers on the complexes of
Spectral data were interpreted to indicate that the

oxygen is the donor atom in all cases except toward Pd(II)
where the infrared data suggest PdS bonding.

In the prepa-

ration of the various DMSO complexes they found that small
amounts of water in the solutions used to prepare the compounds did not interfere.

This was interpreted to indicate

that water and DMSO compete fairly evenly for places in the
coordination sphere and that mass action is, in most cases,
enough to displace the water from the hydrate salts used as
Complexes of BF , AlC1 , Al(N0 3 ) 3 ,
3
3
2
2
2
snc1 4 , ~m +, Fe3+, co2+, Ni +, zn +, cu2+, cr3+, co2+, Pd 2+,
Cd 2+, UO 2 2+ • and Th4+ have been prepared and studied.
starting materials.

Meek et al. (44) have also prepared a number of complexes of the type {M[OS(CH ) 2 ]n}[MX4] and M[OS(CH 3 ) 2 Jn
3
(Cl0 4 ) 2 where n=4 or 6 and x=halogen. In some cases with
the first row transition metal, DMSO is a stronger ligand
than water while in

som~

cases the

reve~se

is true.

Chlo-

ride appeared to be more strongly and iodine less strongly

I
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held than DMSO in the complexes. It also appears that as
acceptors the order is Co 2 + = cu 2 + > Mn = Ni2+ > Hg2+,
Schlafer and Opitz (59) have made an analysis of the
absorption spectra of the octahedral complexes of the first
row transition metals with DMSO and donor anions such as
halide and nitrate.

The crystal field energy • Dq • was

calculated and reported for both the H2 o and the DMSO complexes (59).
TABLE II
CRYSTAL FIELD ENERGY Dq (cm- 1 )
cr3+

1587
1749
Selbin·

~

Fe3+
1250

1370

cu2+

710
780

850
930

781
850

1190
1260

!J:.• (63) have also studied th.e relative bond

strengths of some metal ion complexes of DMSO by observing
the decrease in the S-0 bond strength of the DMSO,
found that Zn 2 + < Hg 2 + < Ni 2 + < Mn 2 + < Co 2 + < Cd 2 +
Pb 2 +

<

They
<

Fe3+ <

Cu 2 + was the order of increasing ligand-metal ion

I

bond strength.
II.

OTHER PERTINENT LITERATURE

Since polarography was the principle instrumental technique used in the present work the literature that was used
as a guide in the design of equipment and experimental

13
procedures will be discussed.- There are also some important studies dealing with solvation and solution processes
that were of help in the development of the theoretical
aspects of the present study.
Polaro~raphic

Cells and Instrumentation.

In polaro-

graphic and in some potentiometric work the measured-potentials are for convenience referred to the saturated calomel
electrode,

(s.c.E.)

rather than the hydrogen electrode.

In

polarography this is done in one of the following three
ways (32):
1.

Polarograms are recorded using the mercury pool

as a reference electrode and corrections are made on the
half-wave potentials by the value obtained by measuring the
potential of the pool with respect to the
2.

An

s.c.E.

s.c.E.

or other appropriate reference electrode

is used as the counter electrode directly.

The area of the

electrode is made as large as is practical so as to decrease
the current polarization of the reference electrode.

3.

Three electrodes are used, two working and a refer-

ence wpich is usually an

s.c.E.

Current is passed between

the micro electrode and a counter electrode while the potential is measured between the micro electrode and·the third
or reference electrode.

Polarograms are recorded as micro

electrode current vs. the reference electrode-micro electrode
potential.

I
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The greatest portion of the polarographic data is
obtained by the first two methods, particularly in aqueous
solutions.

In both of these methods the observed half-wave

potential is always greater than the true value because of
•.

the additional voltage drop in the cell due to the current
flowing through the internal resistance of the cell.

With

proper design of the cell this error can be reduced to negligible values.

Where the internal cell resistance cannot

be made low enough (about 1000 0 or less) (32)

1

such as with

certain nonaqueous solutions, correction must be made for
the apparent shift in half-wave potential before comparison
of half-wave potentials can be made.

In the two-electrode

polarographic cells (method 1 & 2) the resistance of the
cell must be measured under dynamic conditions in the region
of the half-wave potential and appropriate corrections calculated.

In the case of the three-electrode polarographic

cell the correct cell design and the placement of the reference electrode in close proximity to the micro electrode
will give a true corrected polarogram without making measurements of cell resistance (3).
Electrolysis with controlled potential was developed
by Sand (56) and refined and automated by Lingane (41) and
others (1).

Most of these potentiostats were slow response,

bulky instruments that were not suitable for use in polarographic measurements.

I
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Booman (7), DeFord (12), and

Kelley~

&•

.(25) (26),

are for the main part responsible.for the .. introduction of
analogue computer-type amplifiers for use as components in
electro-analytical .chemical instrumentation.

These simple,

reliable components make the design and operation of very
pre.cise, stable instruments, with rapid response, for the
control of potential or current as well as many other applications a relatively easy job,

There are a number of very

good discussions of the theory and use of these devices
( 42) ( 46) (50).·

Circuits of the type used by Kelley et

(25) (26) have been .used by many workers.

~·

Controlled poten-

tial polarography was used by Head (22) in his study of the
polarographic behavior of certain metal ions in liquid
ammonia,
Significance of Half-wave Potentials.

The use of con-

trolled potential polarography enables one to obtain true
half-wave potentials for various electro-reactive species.
The next problem is to determine the significance of this
half-wave potential.

According to Kolthoff and Lingane (30)

the half-wave potential of a metal ion is related in a simple way to the standard potential of the metal, its solubility in mercury and its affinity for mercury •. This can
be stated as
E1 ; 2 ~ E~ + EHg/m Equation I

..

.

=

16
where EHg/m is the potential correction that needs to be
added to or._sub.t:racted. from the observed

half~wave

potential

and represents. the difference in free energy between. the
pure metal electrode and the amalgam electrode as found in
the dropping mercury electrode during the reduction of the
metal ion.

As long as aqueous solutions are involved the

half-wave potential change ·between various solutions of a
given metal ion is proportional· to the free energy changes
that ·have taken place with this ion such as complex forma-·
tion, ionic charge

ch~nges

etc.

Measurement and Correction for Liguid Junction Potentials. In any potential measurement involving cells with
liquid junction, s':lch as those using an

s.c.E., there is

present ari unknown and unknowable potential known as the
diffusion potential or liquid junction potential (35).

The

magnitude of this potential can be reduced in most cases to
a negligible value by choosing the proper salt bridge with
cation and anion having the same mobilities.

In simple

cases with aqueous·solutions the liquid junction can be measure'd as well as· calculated· from· theoretical. considerat·ions.
The measurement or calculation .. of the· liquid junction· between
an aqueous and a nonaqueous solution becomes very complex
and in fact has not been satisfactori'ly accomplished by conventional methods.

The work outlined in the introduction

17
by Koepp

(28)• Coetzee et ~· (10) •. and. by Nelson and

~g.

Iwamoto ( 47) ( 48) have enab·led measurements to be made of
liquid junctions of this.type.

Koepp and Coetzee both recom-

mend the use of the Rb+ ..., Rb 0 couple as the standard reference
while Nelson recommends the oxidation of the 4.7-dimethyl1,10-phenanthroline complex of iron(II) to the same complex
of iron(III) as the reference couple.

In each case the

authors claim that the other couple is not a good one to use.
Bay.er (5) in a polarographic study of ethylenediamine
solutions found that the rubidium ion shows a shift in the
half-wave reduction potentials from -O.l42V(nonaqueous) to
-0.214V (6M H2 0) with the addition of water while cadmium
(II) ion does not. The suggestion is made that this might
indicate a "complex" formation between the added water and
the rubidium ion.

In a·:general way this may be a good

explanation of the. observed phenomenon.

More correctly this

show.s . . .that ... ca'dmium{II) is more readily solvated ( complexed)
b.y ethylenedi.amine than by water as is indi.cated by the
·large· stability constants (6) of log K1 = 5.6, log K2 = 4.6,
·log· K = ·2.0 • and log s = ·12,0 •. The alkali metals not hav3
3
ing ability to be n bonded· to the ethylenediamine can be
only

bonded. to the species that has the

electrostati.ca~~Y-

greatest dielectric constant; that. is water •.. Koepp

~

ll•

(28) indicat.es ... that for the rubidium(!) ion the difference in
solvation energy for.Rb+(H 2 0)

.

-

---

----

------ ...

~

---- --- ._ ... ~ ....

+

Rb+ (solvent) might be as

--~-

----

I
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much as 3.4 Kcal/mol or 0,15 volts,

The shift of 0,07 v

observed in E112 of rubi9.ium upon the addition of water to
the ethylene diamine is not too surprising but rather
expected.

It should be noted also that the half-wave

potential of the complex cadmium(II) ion did not shift
upon the addition of water indicating that the half-wave
potential of a complex should be a better indication of the
magnitude of any change in liquid junction potential.
l

This

seems to support Nelson· and Iwamoto .. (47) (48) in his belief
that the oxidation of the tris(4,7-dimethyl-l,l0-phenan.throline) iron(II) complex is a good reference couple to use
· in the. estimation of liquid junction potentials.
Solvation Energy Studies.

The first attempt at a theo.-

retical treatment of ionic solvation energies was that of
Born based on classical electrostatics.

The correlation

between the Born equation (55) and experimental data is not
good and many modifications have been suggested to correct
the Born. equation... By addlng an arbitrary constant to the

--

ionic crystal radius of the ions, Latimer et al, ( 40)
'

obtained correlation for free energies of solvation.

I
The

entropies of solvation, however, required a different radius
correction term.
Noyes (49) has made a study of the various possible
models for solvation,

Correlation for both free energy and

entropy of solvation can be obtained with the Born equation
'\

"=
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if the size of the ion in solution is taken as the ionic
crystal radius and the dielectric constant of the medium is
assumed to be a linear function of that radius.

This model

is discussed in greater detail in the theory chapter of the
present work.

CHAPTER III
EXPERIMENTAL
I.
folarograph.
f---~~-,________O_f____S_ufl'icient

INSTRUMENTAL

Since a commercial precision polarograph

flexibility was not available tor use on this

project, one was designed and assembled.

The system used

was made up of four component subassemblies:

voltage ramp

generator, initial voltage set, cell resistance compensator,
and recorder.

A description of each will follow with a com-

plete circuit diagram shown in Figure I.
The voltage ramp was produced by driving a 1000 ohm, 10
turn potentiometer with a one RPM syncronous motor.

The

motor was friction coupled by means of a short length of
polyethylene tubing.

This prevented damage to the potenti-

ometer and the gears on the motor since slippage of the
coupling would occur before any damage could take place as
the end of the travel on the potentiometer was reached.

An

electrically actuated clutch within the motor allowed the
potentiometer to be reset to zero easily when the motor was
shut off.

The rate of voltage increase and the magnitude

of the ramp was controlled by the potential drop across the
potentiome~er

and by the generation period of ten minutes.

For the usual 1.0 volt that was used across the ramp
~
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potentiometer this would be a voltage

applic~tion

rate of

0.100 volts/minute.
Two one and one-half volt telephone dry cells were connected in series with.two current-controlling rheostats
(20 K ohm and l K ohm) and the ramp potentiometer allowing
the total ramp voltage·to be varied from three volts per ten
minutes to less than one-half. volt per ten minutes. (Values
of less than one-half volt are not practical since the complete. polarogram is not defined unless there is a fairly
good length of plateau before and after the polarogram.)
A reversing switch was used in the circiut so that the ramp
could be added to or subtracted from the initial voltage
applied to the cell.
A Cenco'student potentiometer was used as a secondary
voltage standard and also as·a means of setting the initial
voltage applied to the cell.

The ramp voltage.could then

;be superimposed on this initial voltage.

The current sup-

ply to the Cenco potentiometer was from three one and onehalf volt telephone dry cells in series with two

cu~rent

controlling rheostats (10 K ohm and 200 ohm) allowing
standardization at the calibrated value of 1.6 volts to 2 X
range of 3. 2 volts full scale.

By using the Cenco poten-

tiometer as a voltage divider and by use of a polarity
reversing switch in the output line • an initial v.ol tage of
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0 to

~

3.2 volts could be obtained,

By using the ramp to add

to or subtract from the magnitude or the initial voltage
either anodic or cathodic polarograms could be run either
forward or backward.
The Cen.co potentiomet·er was calibrated by comparing
the voltage output of the potentiometer with that of a Weston
standard cell.

The dials or the potentiometer were set at

the potential (or one-half times the potential) of the
standard cell and the current through the Cenco potentiometer adjusted so that the voltage output would null with the
standard cell.
The voltage ramp was calibrated by comparing the
desired maximum value (or.. one-half if using. the two-times
range) . as set on the Cene.o potentiometer .and the current
adjusted through the ramp potentiometer so that voltage
across the ramp potentiometer nulled with the potential from
the Cenco potentiometer.
The output of the ramp potentiometer and .. the initial
voltage potentiometer were applied to the cell resistance
compensator through current measuring shunts.
Figure I contains a schematic drawing of the cell
resistance compensator and the current measurement portion
of the polarograph.

This is the same type or circuit used.

·by Head (22) and Annino (2).

..
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The reference electrode was connected to the input of
an operational amplifier; the non-polarized working electrode was connected to the output of the operational amplifier; and the dropping mercury electrode was connected to
ground through the polarizing potential source and current
*-~~~~~m=e~a=s~u=r==in~g

resistors.

With this

arrangement~

the operational

amplifier maintained current flowing between the dropping
mercury electrode and the non-polarized working electrode
of such a magnitude and direction that the reference electrode was always at ground potential.

If Ep

=0

then the

potential applied between the dropping mercury electrode
and the reference electrode would also be zero.

In the

same manner any voltage could be'applied between the dropping electrode and the reference electrode since the input
resistance of an operational amplifier is in the order of
108 ohms.

If the tip of the salt bridge, that connects the

aqueous saturated calomel reference electrode to the electrolysis vessel, is placed in proper relation to the dropping electrode so that it can only "see" the dropping
electrode and not "see" any of the IR voltage drop that
takes place in the solution, a plot of Epol vs IoME would
be a polarogram corrected for solution resistance.
A Sargent model SR recorder with a 1.5 MV range plug
installed was used to record the polarograms obtained as
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described above.
used.

A chart speed of one inch per minute was

With a voltage ramp of one volt per ten minutes,

each inch of chart would be equal to one hundred millivolts.
The geometric determination of half-wave potential as
described by Delahay (17) gave values that agreed to 3.0
millivolts.

By using a ramp of .one-half. volt per ten min-

utes, half-wave potentials could be measured to 1.0
The electrOlysis

vess~ls

milliVolt~

were made from 100 millilitre

graduated cylinders cut off and fire polished at the 70
millilitre mark.

These were fitted with rubber .stoppers

that were bored to admit the electrodes that were used.
The placement of the electrodes were in accordance with the
suggestions of Arthur and VanderKam ( 3), Schaap and McKinney

(57), and Kelley

~

.§!!• (25), with the working micro elec-

trode. placed between the counter electrode and the reference
electrode.

This placement is said to be the most effective

for the correction of the internal resistance of the cell.
Figure II shows the construction and placement of these cell
parts.
The capillary used for the dropping mercury electrode
was a 6 to 12 second Sargent.

The parameters of' the drop-

ping mercury electrode were not determined since the halfwave potential was the only item of interest in this particular study. ..The half-wave potentials of the . metallic ions
were measured with the dropping mercury electrode.
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order to measure the liquid junction potential the halfwave oxidation potential of the t.ris ( 4, 7-dimethy 1-1,10phenanthroline) iron (II) complex oxidized to the ferric
complex was measured at- the rotating platinum electrode
according tcFthe technique of Nelson and Iwamoto ( 47).
~--------~r~o~t~a=t~i~n~g

platinum electrode is shown in Figure IIIo

electrode was rotated by a small 1800 RPM motor.

The

This

Electrical

contact was by means of direct-friction connection to the
motor shaft and a mercury pool contact. on the top of the
rotating shaft as can be seen in Figure III.

The

half~wave

potentials obtained at this speed of rotation were the same
as those obtained by Nelson

~n

his work with a 600 RPM

rotator.
Temperature Control.
the

All polarograms were.made while

vessels and contents were maintained to

electr~lysis

_,

within one tenth of a degree centigrade of the desired temperature.

This was accomplished by immersing the lower half

of the electrolysis vessel into a thermostated water bath. The reference e'lectrode was maintained at room temperature,
which was 25:t,3°C.

The temperature coefficient of a saturated

calomel electrode is such that this represents no more than

-+0.3 millivolts

(37), inuch less than the liquid junction'

potential uncertainty.

.

==~--
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Reference Half Cell.

The saturated calomel reference

electrode was a Beckman Model No. 39170 • that was connected
to the electrolysis cell by means of a salt

bri~ge.

The

salt bridge was terminated with an asbestos fiber sealed in
a 3mm soft glass tube.
in Figure III.

A·sketch of this.system can be seen

It was found that the use of saturated

potassium chloride in the salt bridge did not produce a
stable liquid junction potential. ·This was apparently due
to the formation of insoluble potassium perchlorate as
suggested by Mattock (43).

Ammoniu~

nitrate was subati-

tuted and was found to give more reproducible liquid junction
potentials.

The ionic conductance of the ammonium ion and

the nitrate ion are closer together than those of the
potassium ion and the chloride ion; therefore, the actual
liquid junction potentials should be less using this compound
in place of potassium chloride.

Half-wave potentials

measured using this liquid junction were reproducible to
better than

pl~s

or minus twenty millivolts.
II.

Solvents.

CHEMICAL

The water in the aqueous polarograms was

obtained by passing distilled water through a mixed bed ionexchange column.

The specific conductance of this water

was approximately 3

X

io-7Mho.

J.T. Baker reagent grade

c

---

-

--
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DMSO was purified by distillation through a laboratory size
30-inch Nester Faust spinning band column at 10 millimete.rs
pressure and at a 10 to l reflux ratio,

The fraction boil-

ing between 69 and 70°C was collected for use,

The material

collected had only a faint odor of dimethylsulfide,
Sup-rro--r-t-ing~E1ectrolyte.

'l'etraethylammonium perchlorate

was chosen as the supporting electrolyte because of the
large useful polarographic range and because of. the small
tendency to form complex compounds.

Preparation was accom-

plished by the method of Knecht and Kolthoff (27) by passing
60 per cent perchloric·acid into a concentrated solution of
tetraethylammonium bromide.

The precipitate was filtered

and recrystallized from water until bromide ion was no
longer detectable with silver nitrate.

The over-all yield

was 60 per cent.
Metal Salts.
obtained from the

The ,alkali metal perchlorates were

a.

Fredrick Smith Chemical Company and

were used without further purification.

The transition

metal perchlorates were also obtained from

a.

Fredrick

Smith Chemical Company and were used without further purificat.i.on,. exc.e,pt for storage over anhydrous magnesium
perchlorate in .a. desiccator before· weighing.

.The crystal

structures of these materials were unaltered by the drying
operation and they were assumed to be hexahydrates.
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The tris(4,7-dimethyl-1,10-phenanthroline)iron(II)
perchlorate was prepared by the method of Nelson and
Iwamoto ( 47) by mixing the appropriate phenanthroline compound, which was obtained from G. Fredrick Smith, with ferrous perchlorate in a 3-1 mole ratio in acetone.

The

oreci itate was air dried and used without further purification.

Tris(l,lO-phenanthroline)iron(II) perchlorate was

prepared by the same method.
Solutions.

The supporting electrolyte solutions were

prepared by dissolving enough tetraethylammonium perchlorate
(MW=229.9) in freshly distilled DMSO to make a 0.10 formal
solution.

Only fresh solutions could be used since the

solutions were not stable.

Freshly prepared solutions had a

useful polarographic range from +0.25V to -2.6V for the dropping mercury electrode vs a saturated aqueous calomel electrode.

The anodic branch could be extended to about +l.OV

by using a rotating platinum electrode.

Solutions older

than two to three weeks exhibit electroactive impurities
that give rise to an increase in background current beginning at +0.6V in the anodic branch and at -2.4V in the
cathodic branch.

Water gives a rather well-defined solvent

wave beginning at -1.9V with an E112 of -2.03V. Each batch
of supporting electrolyte solutions was tested polarographically for suitability before making polarographic
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measurements on the ions under study.

It was also tested

for suitability if it was left over from a previous week.
Metal ions that were to be studied were prepared 0.01
formal so that 1 milliliter of the ionic solution added to
10 milliliters of the supporting electrolyte solution would

The supporting electrolyte solution was used as a solvent
for the ion solutions.
Tris(4,7-dimethyl-1,10-phenanthroline)iron(II) solutions
were prepared by adding the solid perchlorate salt to the
supporting electrolyte solution in the polarographic cell.
The smallest amount that would give a readable polarogram
was used.
Nitrogen gas was bubbled through the solutions in order
to remove the dissolved oxygen.

The removal of oxygen was

followed by applying 1.00 volts between the reference electrode and the dropping mercury electrode and observing the
decrease in diffusion current.

Five to ten minutes was

usually ,sufficient time to reduce the current due to oxygen
to a constant value of negligible size.

A blanket of nitro-

gen was maintained over the solutions in order to prevent
any recontamination during the remainder of the experiment.
III.

EXPERIMENTAL PROCEDURE
---

=

Electrical and electronic instruments give most reliable service if they are in use constantly.

The loss of time

--
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for warm-up drift is eliminated and the instrument life,
other than the batteries, is not shortened.

Unless a period

of inactivity of at least a week was anticipated the instruments were left on continuously.
Polarographic Technique.

A step.-by-step sequence of

1.

Place 10 ml. of supporting electrolyte solution
into polarographic cell and begin degassing.

2.

Calibrate Cenco potentiometer against the standard cell by adjusting the current flowing
through the circuit as described earlier.

3.

Calibrate the ramp potentiometer against the
Cenco potentiometer.

4.

Set ramp and Cenco potentiometers to zero.

5.

With the polarograph connected to a dummy cell,
adjust the operational amplifier zero set so
that zero volts are applied to the dummy cell.

6.

Zero the recorder by adjusting the pen to a
suitable zero value while the input is shortened.
(typically at 10% of full scale).

1.

Connect polarograph to the cell being degassed,
and observe the current with -1.0 volt applied
to the micro electrode (vs saturated calomel
electrode.) Observe for at least one minute to
see if the current is still decreasing. Wait
for a constant negligible value.

8.

Raise the nitrogen bubbler to above the solution
surface, and decrease the nitrogen flow. Nitro-·
gen atmosphere must be maintained to prevent
oxygen contamination.

9. ·Test,:the supporting electrolyte for suitability
by applying -2.5V. to the dropping mercury electrode. ( vs saturated calomel electrode). The

,<

., •
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diffusion current should be less than lOua.
·Now apply +0.9V to a micro platinum electrode~
The current should be less than 25ua. The
supporting electrolyte solution must pass both
of these tests to be considered pure.
10. · Add the species to be studied and mix by pass ...
ing nitrogen ·through solution. Raise bubbler.
Unknown as to E1; 2 determine
·th_«:_~ppro_?C_i._~~-~!-~lL2_ bY_Cl__ ma~ua~ ~o~~r~g:am
.Jl--~~~~~~~~~~ra:ae oy ooservl.ng. t;ne current at-u--.rv-l.nt;er·--~~~~~~~vals and noticing the regions of large current
rise. ·
·
11.

If the species

~s

12.

Run polarograms over the range E 112 +0.3V.
Some of the above steps can be eliminated on succeeding

determinations as experience shows the omission to be justifie d.
Half-wave Potentials.

The half-wave potentials on the

polarograms were determined graphically as described by
Kolthoff (29).

Successive polarograms gave reproducibility

of E 112 to +0.002 volts. The long-term stability of the
liquid junct.ion to the saturated calomel electrode increased
this uncertainty. to -+0,02 volts over all.

Thus, the record-

ing error was negligible compared to the other variables
involved.
The liquid junction potential was measured by assuming
that the tris(4.7-dimethyl-1.10-phenanthroline)iron(II)
oxidation half-wave potential is constant in all solvents
after the suggestion of Nelson and Iwamoto ( 47).
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polarograms were made using a rotating platinum electrode
as the micro electrode since the E

112

is greater than +0.80

volts and mercury will diss·olve with a large anodic current
at +0.3 volt.
for water.

Nelson reports an E 112 o.f +0.830±_.005 volts
For DMSO the present work indicates +0.870+0.010.

The liquid junction correction between water and DMSO was
thus found to be

-o.o4v.

All

E 1 ;~

values in DMSO were

corrected by adding this value to the experimentally determined half-wave potentials before they were used in
computations of' solvation energies.

- - ---·- -------

---
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CHAPTER IV
THEORY
I.

INTRODUCTION

Classical Treatment of So·lvation.

The classical pic-

ture of solvation is the transfer of an ion from vacuum to
another medium of dielectric constant £.
to be a charged sphere.

The ion is assumed

This picture leads to the well

known Born equation for the free energy of solvation
Equation II
where N = Avagodro' s Number, Z = ionic charge, e = charge
of the electron, r = radius·of the sphere, and£= dielectric constant of the solvent.

In the real situation there

are a number of factors that make this an unrealistic overassumption.

They are:

1.

r, the ionic radius in solution, is unknown.

2.

The dielectric constant of the medium is not
necessarily the same next to the ion as it is
in the bulk of the solution due to ori~ntation
of the solvent molecules in the immediate
vicinity of the ion.

3.

There is evidence that the presence or the ion
greatly alters the structure of solvent at
rather large distances from the ion. ··These
problems will be discussed separately in order.

Modification of the Born Equation.

If the crystal

ionic radii are used in the Born equation along with the
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bulk dielectric constant, the calculated energies of solvation are too large by a factor of 1/3 to 3/4 depending on
the particular ion used with the error decreasing with
increasing values of r.

Latimer et al. (40) were able to

use the Born equation in its original form by adding Oel

i

to the ionic crystal radius of anions and 0.85
ionic crystal radius of cations.

i

to the

These are arbitrary con-

stants added so as to make the theoretical and the experimental values of solvation energy agree and give no
indication as to the values to be used in some- solvent
other than water.
where ri
e

= ionic

Another approach is to let r

= ri

+ rw

crystal radius and rw = water radius.

used is then the bulk dielectric

constant~

The

In this

approach the dielectric constant of the first solvation
sheath is taken as 1.

The results are in reasonable agree-

ment with experiment and have a theoretical basis for the
radius correction terms.

For another solvent its radius

would replace rw•
Noyes (49) has recently made a study of the various
models that have been used to calculate solvation energies
of ions. Using the Born equation and
2
AS 1 = - { aAGsol ) =
Equation III
so
l aT }P
(
and the criterion that the approximation must satisfy both

~;!:

:l~; lp

equations, he found that the best agreement and greatest

i
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utility came from assuming that r
tal radii.

= constant = ionic

crys-

For ions with an inert gas configuration singly,

doubly and triply charged eeff

= 1.000

+ 1.376 (rion

0. 05 4)

with a standard deviation of ± 0.054 corresponding to

± 0.04 ~

in the crystal radii.

Even the small deviations

noted are not random but seem to be a function of ion charge
in that all 1+ ions have a value greater than t·hose calculated by the above equation, and all the 3+ ions have values
less than those calculated.

Experimental measurements are

not accurate enough to enable one to calculate the exact
nature of the charge dependence of the eeff• rather, the
major dependence is on ionic radius only.

This suggests

that even on the large singly charged ion the

~lectrostatic

potential is large enough to completely orient the solvent
about the +on and any increase in charge has only negligible effect on the polarization of the adjacent solvent.
The lower values of the dielectric constant for the small
radii ions reported by Noyes (49) is due to the fact that
there is room for only a few water molecules while the
larger ions have a more uniformly filled hydration sphere
allowing for an increase in electron and atom polarization.
The ions with other than inert gas configuration, that is
those with d or f electrons, show deviations from the predicted values that are to be expected on the basis of the
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more stable bonding to the :water that is possible due to
crystal field effects (24).
Assuming a point charge in water (53) there is complete
dielectric saturation for· a region up to about 2 ~ from the
charge.

In this region the dielectric constant is 4-5 due

to electron and atom polarization only.

Beyond this region

the dielectric constant undergoes rapid rise out to 4 ~
where the bulk value of the dielectric constant is again
used.

Since most simple ions have a radiL range of from

.0.5 to 2

i

and the water molecule has a diameter of 2,8 ~.

it can be seen that the saturation of the dielectric is
effective only in the first solvation sheath.

In addition

there is an organizational effect on water in the region
of the ion (54)e

This has been termed the iceberg effect

and refers to the belief, based on experimental evidence •
that the presence of any solute particle produces a quasi
ice-like structure about the particles.

At the same time

there appears to be a loss in structure at distances further from the particle than the first solvation sheath.
For the larger halide ions this structure-breaking effect
is so great that attempts to measure the size of the ions
by electrostatic migration using viscosity relationships
lead to values lower than the ionic crystal radii.

For

polyvalent monoatomic ions such· as Al3+ the extent of the
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frozen region appears to extend beyond the first layer of
the solvation sheath.
Nonaqueous Solvation.

Up to this time not much work

has been done on solvation energies in nonaqueous solvents
because of the great mass of data needed before solvation
t----~~~~--.:.-~n-e-rgi--es----c-a11-b-e-ca-l-ctd.-a-te-d-±-n-thc-cen-ven-t-:ien-a-l-w-ay-.-Ga-1a~i-,~---

metric data are needed and for the most part scientific
workers of today do not exhibit the patience needed to collect the large mass of data.

The need then is for a rapid,

accurate method for determining the thermodynamic properties of ions in nonaqueous solvents.

With a means of

measuring liquid junction potentials in a simple way, polarography becomes a method that can be used to approximately
determine thermodynamic properties of reducible species in
solution.
II.

POLAROGRAPHY AS A MEASURE OF IONIC ENVIRONMENT

The Significance of E1 ; 2 • In polarography the electrode
reaction of a reducible metal ion is Mn+ + ne + Hg+M(Hg) (29).
The potential of this cell can be given by

= Ea

- RT ln

nF

Equation IV

'
where
Ea is the standard potential of the reaction listed

above, or the EMF of the cell
+
'
.Reference electrode/Mn /M(Hg)
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Ca

= concentration

of the amalgam, Cs

= concentration

of

the, reducible metal ion in the solution at the surface of
the drop and fa and fs are the corresponding activity
coefficients.
~-Ig

Since the amalgams formed are very dilute,

wi.ll be virtually the same as that of pure mercury and

~~~~~~m=a~~b~e~r~e~garded

as a constant.

Equation IV may then be

written as
E -

RT

nF

ln

Equation V

where

E

= Ea

+ RT ln A
nF
Hg

Equation Va

By assuming that the rate of diffusion of the reducible ion
is proportional to the difference in concentration between
the surface

of the drop and the bulk of the solution and

the Ilkovic equation one can convert Equation V to

E
''de
where i

=E

_

RT
nr

= id/2 •

RT
nF

ln

ln

i

i -i
d

Equation VI

The last term in Equation VI becomes zero

and
RT
= Ea-nF

ln A

RT

Hg - nF

ln

Equation VII

by expressing the half-wave potential in terms of the solid
metal rather than the amalgam by use of the following cell

.------------------··- --- --

-

---------
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Let Asat be the activity of the metal in the saturated
amalgam in contact with a solid phase which may be either
the pure metal or a solid compound or a solid solution of
the metal and mercury.

The EMF of this cell, Es' is inde-

pendent of the concentration of the metal ions in solution,
and this is given by
E
s

= Ea

- E - ~ ln
m
nF

Equation VIII

* is the
where Em is the potential of the metal and AHg
activity of the mercury in the saturated amalgam.
Solving for Ea and letting Asat

= Csatfsat

RT 1n Csat f sat - ~
RT 1n A*Hg
Eao = Em + Es + ~

we get
Equation IX

substituting this in Equation VIII we get

Equation X
RT
nF

+

ln

RT
nF

ln

In the above expression the only term that is dependent on
the nature of the solution is E •
m

The rest are all dependent

only on the nature of the metal and the saturated amalgam
of that metal.

These can now be combined into a single

constant term to give
= E

m

Equation XI
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where E~ is the polar~graphic constant potential to correct
the half-wave potential of a given metal to the standard
potential.
Standard potentials are available for all metals that
can be determined polarographically,
determined

half~wave

The experimentally

potential in water and the standard

potential can be used to determine the polarographic constant for each metal-amalgam system.

The Em is EMF for

the cell
Reference electrode/Mn+(a=l)/M(s)
Liquid Junction Potentials.

It is obvious that Em

contains not only the potentials of the half cells involved
but also the liquid junction potentials between the reference electrode and the solution of the Mn+
Equation XII
In aqueous

solut~ons

the Ejunct can be made small by

proper choice of the salt bridge electrolyte.

·The problem

becomes more complex as soon as solvents other than water
are used for polarographic measurements.

Without a knowl-

edge of the magnitude of the liquid junction potential
no comparisons can be made as to the relative values of
potentials in various solvents. The use of either the
Rb + reduction potential or the tris(4,7-dimethyl-1.10phenanthroline)iron(II) oxidation potential as being
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constant regardless of the solvent medium as a means of
estimating the liquid junction potential offers a means of
making quantitative comparisons not only of E112 values
but also E~
in water to the E~ 01 in any particular sol20
vent. In light of the work of Bayer (5) the tris(4,7dimethyl-1,10-phenanthroline) iron(II) oxidation half-wave
potential was chosen as the preferable couple since this
complex ion would have a very large radius, much larger
than the rubidium ion.
Free Energy of Solvation.

0
Assuming that the Esol
is

a measure of the energy required to remove an ion from solution and deposit it as a metal we can work out hypothetical
cycles so as to be able to calculate solvation energies for
any solvent for which we can get polarographic waves for
the couple used as a liquid junction measuring couple and
for the ion under consideration.

This cycle could be as

seen in Figure IV.
Taking the thermodynamic relationship that:
l\G = -nfE

and a mathematical

statem~nt
·,

of Figure IVb

E
- Ep
E
sol - sol - 1/2

we get .
nfE~ 01
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M (solid)----~P~o~l~a~r~o~g~r~ap~h~i~c~D~a~t~a~-----

M (amalgam)

Sublimation

M (gas)

Ionization Mn+ (gas) Solvation_

Mn+(Solution)

a.

· M (amalgam)

Mn+(gas)

Solvation

--------------------------b.

FIGURE IV
THERMODYNAMIC TRANSITION DIAGRAMS

n+ (Solution)

l.i6

and
l1GDMSO _ !1G~20 -= nf(EDMSO _
sol
. sol
1/2

EH~O)

1 2

or

~

~aDMSO

sol

= t..GH20
sol

- nf(EDMSO - EH20)
· · ,·
1/2
1/2

Equation XIII

From the calculated free energy of solvation in DMSO

effective dielectric constant for the noble gas electronic
· configuration .ions in DMSO.
The Born equation is

'11GB

=-

2 2 ' ( l-]:)
NZ e

2ri

.£

A graph of the eeff for the alkali metals in DMSO is shown
in Figure

v.

Since, according to Noyes (li9), the effective

dielectric constant is independent of ionic c{large, t,?e
effective dielectric constant" of any ion can be determined
if the appropriate data are available. for inert gas configuration ions such as the alkali or alkaline earth ions.
In general ,the form of the expression for the dielectric
constant would be
eeff • 1 + ar

Equation XIV

The data for DMSO give a value of a - 1.34.
expression into the Born equation we get

AG • ~ NZ 2ea (1 + ar ~ 1)
· 2r
· 1 + ar

Putting this

it
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which reduces to
AG

= - NZ 2 e 2 ~t

2;r'( 1 + ar)

=-

Equation XV

Putting in the proper constants to give Kcal/mole we get
AG

=-

166,04 2az 2
1 + ar

r------~Fo-r-d-1-me-t-~-y-l-s-a--l-f'-e-x-i-d-e-t-h-!-s-13-e-e-e-me-s--------------------c-

AG

=-

222,496 z 2
1

+ 1.34r

Entropy and Enthalpy.

Equation XVI

The enthalpy and entropy of

solvation are not as readily available as the free energy
from polarographic data.

If data of sufficient accuracy

is available the free energy of each ion could be measured
at several temperatures in the manner that was used at 25°C,
and the temperature dependence of free energy can be calculate d.
With careful work in aqueous solutions, half-wave
potentials can be measured reproducibly to a few millivolts.
Kolthoff and Lingane (31) quote that the temperature
coefficient in aqueous solutions is of the order of a few
tenths of a millivolt or at least not over 1 millivolt per
degree except for hydrogen ion.

In the present work with

DMSO the half-wave potentials are uncertain to a few hundredths of a volt due to the difficulty of maintaining a
constant liquid junction potential between an aqueous and

...

-··· ·-·

····-·--·~~~
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a nonaqueous solution.

Relative to water, then, the

variation of a millivolt or less per degree would not be
readily detected with a variation of several centivolts in
the liquid junction to DMSO.

For the purpose of this work

the aqueous half-wave potentials were considered constant
and the change in half-wave potentials with temperature
was referred back to water at 25°C.

With liquid junctions

that are more reliable, reference would have to be made
back to water at the same temperature.
The AEl/2 for DMSO ranges from +2 to +5 MV per degree
AT
as compared to 1 or less for water indicating that the
entropy of solvation is of greater magnitude in DMSO than
in. water... Since

6G = -

nfE and

or
- nf

rl

aEl/2 }
aT
}P

Equation XVII

the temperature coefficient of half-wave potentials is a
measure of the entropy of the solvation process.

Several

points over the interval of 25°C to 65°C were used to
determine the temperature dependence of the half-wave potentialsa

These coefficients converted to cal/deg are shown

in Table VI along with the entropy of hydration data quoted
by Noyes (49) for aqueous solutions.

As a first approxima-
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tion the entropy of solvation in DMSO seems to be

2.~

times that for water for the divalent ions and 3.6 times
that for water for the monovalent ions.
Since 6H

= 6G

+ T6S the enthalpy of solvation can also

be calculated from polarographic data.

The enthalpy of

solvation as calculated for DMSO is shown in Table VI along
with the enthalpy of hydration data quoted by Noyes

(~9)

for aqueous solutions.

I

CHAPTER V
DISCUSSION OF DATA
The thermodynamic solvation properties of the alkali
metal and selected first row transition metal ions in DMSO
have been calculated from a comparison of half-wave potentials of these ions in water and in DMSO,

The electro-

static free energy of solvation has been calculated by use
of the effective dielectric constant and the Born equation;
this we call the Noyes free energy.

Close agreement between

the Noyes free energy and the experimentally determined
values can only be expected for inert gas configuration
ions,

The transition metal ions would be expected to have

additional stability (greater solvation energy) in any
solvent just as they do in water as has been shown by
Holmes and McClure (24) (see Figure

VI)~

According to the crystal field theory the five degenerate

.9. orbitals are split· into three lower and two higher

energy states due to the presence of an octahedrally oriented electrostatic field such as might be exhibited by
approaching ligands or solvent molecules,

The electrons

of the metal ion, then, may enter the lower energy orbitals
first, giving the ion, in certain cases, greater stability
than the same ion in the field free state.

This additional
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stability is somewhat independent of qonding energies of
the ligand-metal ion bond and can be thought of as bonus
energy that increases the stability of the complex aggregate.

This gain in energy due to the preferential filling

of the lower-lying

9. leve 1 orbitals is known as

field stabilization energy. 11

11

crystal

The d 0 and the d 10 ions are

not capable of exhibiting this stabilization since in the
10
0
d there are no electrons with lowered energy, and with d
the electrons that are raised in energy cancel the decrease
in energy of those that are lowered.

j

In the case of water, Holmes and McClure (24) have
shown that the d5 ions also do not exhibit stabilization,
showing that water exhibits a weak field and the d electrons follow the normal filling sequence of all electrons
being in the spin-free state, rather than pairing spins in
the lower-lying d orbitals as is the case for a "strong
field" ligand.
A graph of the energy of solvation both predicted and
measured plotted against atomic number as shown in Figure VII
should yield some interesting data.
The shape of the graph for the measured heats of solvation (Fig. VII) is identical to the one for water as used
by Holmes and McClure (24)

~

The lower curve (Noyes' heat

of solvation) is the energy of solvation that would be

I
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expected for each ion if it were of the same dimensions
and of an inert gas configuration.

Since it is uaually

assumed that ions of inert gas structure can only bond or
solvate by means of electrostatic attractions, any deviation from this predicted value must represent bonding of
another type such as covalent bonding, crystal field stabilization, or a greater electrostatic

attra~tion

due to

nonspherical distribution of the electrons in the bonding
shell.

Crystal field theory and the work of Holmes and

McClure (24) show that with the transition metal ions of
+2 charge if the crystal field stabilization energy is
subtracted from the heats of hydration· and is plotted
against atomic number, approximately a straight line
results (see Fig. VI).

In reverse, then, if we know the

free energies of solvation and can draw a straight line
through the points for d 0 and/or d 5 and d 10 we can by difference get a value for the crystal field stabilization
energy of the ion-solvent ligand system.
As a test of this method of determining the crystal
field stabilization energy the data of Noyes ( 49) were used
to estimate the crystal field stabilization energy.

These

values were compared with the spectrophot6metrically determined values of Schlafer and Opitz (59) and Holmes and
McClure (24) and can be seen in Table III.:
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TABLE III
'

CRYSTAL FIELD STABILIZATION ENERGY FOR TRANSITION METALS
Ref.

I

59
Dq
24
CFSE
KCal/mole
From Graph

cr3+ cr 2+
1740
1750 1_400
12Dq bDq
24
22

Mn2+ co2+
7 tlO 930
750 950
tlDq
0

Fe3+ Fe2+
1370
1400 950
ODq
4Dq
(3.1J_ 11
19

l2)

_22_

2

28

----

Ni2+ cu2+
tl50 12b0
920 1260
12Dq bDq
22
32
22
30

For the low atomic number transition metal ions the
Noyes solvation energy and the do

d5 to dlO line seems to

-'-

correspond quite well with increasing atomic number up to
the d7 to d8 ions. The deviation becomes quite large with
the g,10 ions, and the difference is greater than the maximum
For example, from the
data of Noyes ( 49) the solvation energies of several d 10
crystal field stabilization energy.

ions and inert gas ions of the same ionic crystal radii are
given in Table IV.
A look at the stability constant of complexes gives a
similar picture as shown by the examples in Table

v.

Many more examples could be listed to show that the
pseudo-inert gas configuration of dlO is much more reactive
to additional bonding than the true inert gas ions of the
same radius.
Although the data are not yet available for all of these
ions in DMSO one could feel confident that the same picture
would emerge for this solvent that we have seen in water

I.
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TABLE IV
THERMODYNAMIC PROPERTIES OF SELECTED METAL
IONS IN AQUEOUS SOLUTIONS

Ion

r

6 Ge-ent-__...6~S e-ent--_...6._....0 9 1

6He-l~.----____.,6-=Se-l~------

0.95
0.96

-201.8
-239.8

-4.88
-28.8

-96.4
-136.3

-103.5
-148.7

-17.5
-41.4

K+
Au+
2+
ca +
Cd 2

1.33
1.37

-184.1
-248.6

+3.19

-80.6
-145.1

-83.4

-9.41

0.99
0.97

-587.8
-637.4

-18.9
-23.5

-379.5
-429.1

-394.5
-445.5

-50.4
-54.9

Sr~!
Hg
sc 3++
In 3

1.13
1.10

-548.0
-643.2

-34.0
-15.9

-339.7
-434.9

-359.7
-449.1

-65.4
-47.3

0.81
0.81

-1251.6
-1293.0

-47.0
-55.3

-938.5
-919·9

-967.5
-1011.4

-97
-105.7

y3;
Tl +

0.93
0.95

-1172.1
-1289.0

-41.0
-101.3

-859.0
-975.9

-886.2
-1021.1

-91
-151.7

The subscript "con" stands for conventional, that
is with the free energy of the aqueous hydrogen
ion of unit activity = o. Noyes has estimated the
absolute entropy of the hydrogen ion in aqueous
solutions to be -103.48 and the 6Gcon has been corrected to the 6Gel (where "el" means electrostatic)
by use of the re!ation

AG~yd = AGel = AGgq - AG£ 0 n + ZAGH
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since the data for those ions that have been determined are
in close agreement with the predicted trends.
TABLE V
.STABILITY CONSTANTS OF dO AND dlO IONS
OF THE SAME RADIUS
Ion
ca 2+
cd2+
ca+
Cd+

Ligand

log K1
3.75
6.77

methyliminodiacetic acid
It

"

aspartic acid

"

1.60
4.37

II

A comparison of Figures VII and VIII shows that the line
connecting d 0 , d5 and dlO for water corresponds quite well
with the inert gas ion solvation energy while the same lines
for DMSO seem to be separated by a constant factor that
increases with the increasing atomic number.

Meek» Drago

and Piper (45) have shown from spectral data that DMSO has
greater capability for covalent bonding than water due to
a greater polarizability of the S=O bond than the H2o molecule. This phenomenon has also been explained by such
terms as "back donation of electrons,u "n 91 bonding etc.
The net result is a greater stability for the complex than
· would normally be expected.

The difference in the inert

gas solvation energy and the d5
explained on the same basis.

-dlO line

could also be
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. 30 Atomic

Number

... _,

_____

·····-~

Solv.

r

M

E,

£

-

-~.

cr2+

0.84

H20
DMSO

Mn2+

0.80

H2 0
DMSO

.Fe 2+

0.76

H2_0

Zn

2+

5.2

-442.
-44S

DMSO

1.91

20 ·

DMSO

6S

6H

-456

-423

12 '-37.4

-416

:33

-56+37

-465+11

-434

12

-61.9

-455

-426

Jl8

-111+78

:..477+23

-445

I

-70.3

-473

-438

!17

I

-159:t_32

-500+10

I

-81.0

-505

I

I

I

I

t)

-0.02

k-0.92

-0.238

~10.6

-4R1

-447

:64

-485
-470.5

-~43

B5

-182+92

-532+27

-458

135

-81.7

-517

-449

~~8

-125+60

-530:t_18

-467

b6

-458

I

-4.6

1.95

4

~ -6G~

-4Sl 8
-451
-4SS

1.95 -1.00 +0.07

20

f~

-lL49

8.8
-2.76

6Gn 6G I

-444.8
-448
-4~6

DMSO
H

. 6G

5.1

+4.6

H

. 0.74

2.06 -1.61 -0.19
2.05 -1.50
-~ 42 +0.06

3.2

-0.09

DMSO

ct.?+ (0. 69)

-1.36 -0.069·
2.16 -1
47
2.11 -1.54 -Oo114
-1.41
2.·10 _,
s:;o -0.11

6 2 Gt

H2 0

- .H,2 0
2
Co +. 0.74

0.72

-

2.00 . -1.48
..
-1.10
2.04 -1.20
1.98 -1.34
1.99 _,-.93
1 ')

. DMSO

Ni 2+

~'"'* 6E, ~'"'t

+0.090 -4.18

-492.8
-497
-488
-492.8

2.04 -1.00
- Q4 +0.01
1.98 -1.01 +0.02

0.46
1.0

-483.3
-482.8
-482.0

-446

I

I

j
I

i

I

I

-516

I

I

I

!37

-444L~8

-64.1

-502

-65:t_46

-502+14

I

\

I

· TABLE VI
THERMODYNAMICS OF SOLVATION OF IONS AT
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...
M

· Li+

Na+

K+

Rb+
..

Cs+
ca2+
'----~

rion
0.60

0.95

1.33

1~48

1.69

Solv.

/?t

~2at

~Gelt

~GR

.

H2 o
DMSO

1.79
1.83

-2.50

H2 0
DMSO

2.29

-2.12

2.26

-2.08

-2.33

H2 0

2. 82

DMSO

2.75

-2.09

H?O

3.06

-2.13

0.17

-0.04

-3.9

0.92

-2.14

DMSO

2.93

-2.04

H2 0

3.23

-2.09

DMSO

3.12

-2a04

-0.05

-0.09

-0.05

1.2

2.1

1.2

2. 303-

0.99
----

E 1 /?* ~E1

Er

~G ·1-~GB

~s

~H

-122.13 -J22.13

lp

-25.36

-129.67

-126.27 -J26.27

b

-58+46

-144+14

-98.36 -98. 3E

I~.

-17.48

-103.55

-97.67 -97.61

b

-104+23

-129+7

I

I

I

-80.58 -80. 5t

ip

-9.41

-83.37

-79.66 -79. 6E

!3
I

-29+23

-88+7

-75.52 -75.8~

!3

-6.6

-77.5

-73.89 -73.85

IJ

-0.4+46

-74+14

-67.83 -67. 8~

b

--5.9

-69.6

-66.81 -66. 8J

I.
p

-31+57

-76+17

-379-.5 -388

2.326

-392

-----

I

I

I.

i
I

I

. i

.,

..

p
I

+18.5

' - - - - - - - - - · - - - ---

---

*where more than one value appears for E1; 2 more th·a~ one s!ource is quoted.
· for H2 o from (29)(10).
twhere more than one value appears the range is indicated.

·-
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A summary of the information that can be gained from
Figure VIII is given in Table VII along with some spectrophotometric data from

Sch~afer

and Opitz (59).

The crystal

field splitting quoted in the literature has been converted
into Kcal/mole for comparison with the data from Figure VIII.
The major contribution to the solvation energies of

~hese

ions is the electrostatic portion (Noyes free energy) calculated from the Born equation using the effective dielectric
constant obtained from Figure

v.

The remaining energy of

solvation, the portion between the lower curve and the upper
i

I

curve, is the additional stability due to non-inert gas configuration of the ions.

This additional stability was

attributed to crystal field stabilization energy (CFSE) and
to "covalent" bonding. Since the d0 and the d 10 electronic
configuration ions cannot exhibit CFSE a straight line con2
necting the 6Gsol of the £0 (ca 2+) and the d 10 (Zn +) ions
was used as the dividing line between CFSE and "covalent"
bonding energy. That portion above the d0 to d 10 line was
said to be CFSE and that between the d0 to £10 line and the
Noyes free energy was said to be "covalent."

This distribu-

tion seems to be justified since the spectral data of
Schlafer and Opitz (59) gives the same values for the CFSE.
The entropy of solvation as determined in the present
work for the ions in DMSO is from two to three times the

,.---

=

TABLE VII
FREE ENERGY OF SOLVATION DISTRIBUTION FOR DM,SO

cr- 2+

Mn 2 +

Fe 2 +

co 2 +

Ni 2 ~

cu 2 +

zn2+

Dq

NA

710

NA

850

7811

1190

NA

CFSE

6Dq

ODq

4Dq

8Dq

l2D~q

6Dq

ODq

19.4

26.18

20.4

-29~.4

-17+4

Ref.
Schlafer
and

! ~

.

I

Opitz (59)

Kca1/rno1e

From

CF.SE .

-20

-6

-18+9 -23+6

Figure VIII

Covalent

-12

-10

-7

-11

-151

-16

-38

-416

-427

-438

-444

-4491

-478

-44s .

-448

-443

(-464) -480

-49~

-490

-483

2.03

Noyes Electrostatic
AGso1
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value for water.

This is not too surprising since water

with its ability to hydrogen bond and form aggregates of
molecule~

is a somewhat organized solvent, while with DMSO

there is much less tendency to form aggregates of molecules
in the liquid form.

The introduction of the ions into DMSO

causes a greater degree of organization in the DMSO liquid
than does the same ion into water,
The enthalpy of solvation (Table VI) for the ions
shows no unexpected features.

It would be interesting to

compare the values obtained in the present work with some
actual heats of solvation measurements in DMSO; however,
these are not available at the present time.

CHAPTER VI
CONCLUSIONS
A method of treating polarographic data has been
developed that enables one to calculate the thermodynamic
properties of ions for which half-wave potentials are available in both water and the solvent under consideration.

The

values for AG, AS, and AH for the solvation process in DMSO
have been calculated for the alkali metals and for the divalent first row transition metals from chromium to zinc.
The values determined with a polarograph for the solvation thermodynamic constants of the ions investigaged appear
to be of the right order of magnitude.

A comparison with

these and calorimetric heats of solvation needs to be made.
No calorimetric heat of solvation data for DMSO has been
found in the literature.
By considering that the alkali metals can form only
electrostatic bonds with the solvent and by assuming that
the ionic crystal radius is retained in solution, an effective dielectric constant for each in DMSO was calculated
using the Born equation.•... Fo:r DMSO &eff

=1

+ 1. 34r.

Noyes (49) states that for the inert gas configuration ions
the effective dielectric constant is a function only of the
radius of the ion.

The electrostatic contribution of the

solvation free energy was calculated for transition metals

~=
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from the Born equation by using the ionic crystal radius
and the effective dielectric constant of an inert gas ion
of the same radius.

The additional stability of the transi-

tion metal ions was divided between crystal field stabilization energy and covalent bonding energy.

Without CFSE, the

solvation energies of the transition metal ions should be
a linear function of atomic number.

Solvation energies

greater than this were assigned to CFSE.

The remaining

solvation energy was attributed to covalent bonding.
The agreement between the values of CFSE as calculated
from half-wave potential and those calculated from the
absorption spectrum are as good a.s one would expect to find
'

between two different sets of spectrophotometric data.
Polarographic data could be helpful as an aid in the assignment of spectral energy transitions. particularly in new
solvents in which no previous spectral data has been
accumulated.
Although the problem of the measurement of liquid
junction potentials has been partially solved. the formation of a stable junction between aqueous and nonaqueous
solvents is difficult.

The best direction for further

work seems to be in the use of a reference half-cell utilizing the same solvent being st·udied such as the silver/
silver chloride half-cell which has been used successfully
.in many·solvents.
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